Thermally activated delayed fluorescence has been reported in a number of OLED emitter materials engineered to have low singlet-triplet energy gaps. Here we derive closed solutions for steady state and transient behaviors, and apply these results to obtain the singlet and triplet relaxation, forward and reverse crossing rates and the gap energy and reverse crossing prefactor from delayed and prompt relaxation rates measured over a series of temperatures.
I. INTRODUCTION
Thermally activated fluorescence (TADF) is seen as a strategy for improving OLED efficiency by harvesting excitation energy from slowly relaxing phosphorescent states via reverse intersystem crossing (RISC) to faster relaxing, more efficient singlet states. [1, [3] [4] [5] [6] [7] [8] Materials engineered to implement TADF have been reported to achieve as high as 100% internal quantum efficiency with large reverse crossing rates and low singlet-triplet energy gaps. [4, 5, 7] Yet, singlet/triplet ratios and relaxation rates are determined by at least four parameters comprising the individual relaxation rates and intersystem crossing rates. Direct observation of these rates has been considered difficult. [8] Singlet-triplet energy gaps have been obtained from the temperature dependence of reverse crossing rates where the reverse rates are calculated from prompt and delayed yields and decay rates and a supplied value for the forward crossing rate. [2, 3] In this work we describe a method for finding the singlet and triplet relaxation rate constants, the forward and reverse intersystem crossing rate constants, and the singlet-triplet energy gap and prefactor governing the reverse intersystem crossing rate constant, using only the temperature dependent decay rates. The ratio of fluorescence to phosphorescence, and the ratio of singlets to triplets, in steady state electroluminescence and phototransients, can then be calculated from the four primary rate constants.
In Section II, we model the system in a pair of linear differential equations which we solve to obtain the steady state behavior, and the time dependent behavior following from a short photoexcitation into the singlet. Then in Section III, we apply our model to re-analyze published TADF data for two materials to recover their primary relaxation and crossing rates and the reversing crossing parameters. The results are found to be in agreement with reported values where available and consistent with observed behaviors.
II. TADF
We consider behaviors in two regimes, continuously driven systems as in electroluminescence, and transient luminescence as follows from photoexcitation by a subnanosecond laser pulse. Closed form solutions are found for both regimes in terms of four primary rates: relaxation from the singlet and from the triplet, and forward and reverse intersystem crossing. Temperature dependence, scaled by the singlet-triplet gap energy, enters through the thermally activated reverse crossing rate and provides a route to extract the primary parameters from empirical decay rates.
Electroluminescence occurs when charge carriers (electrons and holes) are combined onto a site where they form an excited state that can decay and emit light. [9] Charge carriers arrive with random spin and so a mixed population of singlet and triplet excited states is formed, as illustrated in FIG. 1. Rate equations for our empirical case can be written as [12] 
where γI is the recombination current, e is the charge on an electron, V is the effective volume, k eh is the recombination rate constant, n is the free charge carrier density, N 0 is the ground state population (per unit volume), N 1 is the singlet excited state population, N 3 is the triplet excited state population, η S/T is the fraction of singlets produced by recombination, k 1 is the singlet relaxation rate with k 1 = k f l + k 1,nr where k f l is rate of radiative relaxation from the singlet (fluorescence) and k 1,nr is the rate of nonradiative 1st order relaxation from the singlet, and similarly, k 3 is the relaxation rate from the triplet with k 3 = k ph + k 3,nr where k ph is rate of radiative relaxation from the triplet (phosphorescence) and k 3,nr is the rate of nonradiative 1st
order relaxation from the triplet, k isc is the forward intersystem crossing rate and k risc is reverse intersystem crossing rate. For the present analysis we consider a simple system at low power where higher order losses can be omitted. 1
In steady state, the ratio of the singlet and triplet populations is obtained as
and the ratio of fluorescent to phosphorescent output is
where
and φ 3 = k ph /k 3 are the radiative quantum yields for fluorescence and phosphorescence and χ 1 and χ 3 are the fraction of each that escape the device. In FIG. 2 the output ratio L 1 /L 3 is shown as a function of k isc /k 1 and k risc /k 3 . Fluorescence is stronger than phosphorescence in the quadrant where k risc /k 3 > 1 and k isc /k 1 < 1.
Temperature dependence enters the fluorescent and singlet ratios through k risc which is usually thermally activated and follows an Arrhenius law, [10] k risc = Φ e where dE is the singlet-triplet energy gap, k B is Boltzmann's constant, T is the Kelvin temperature and the prefactor Φ is related to spin-orbit coupling mechanisms. 
Transient photoluminescence following sub-nanosecond laser excitation has been used to study several TADF materials. [3, 4] As we will show here, two new rate constants emerge in the transient relaxation from a pulsed input in these systems. The temperature dependence of the emergent rate constants provides an opportunity to obtain the four primary rate constants along with singlettriplet energy gap and prefactor discussed above. We begin by finding the closed solution to the relaxation problem. For our purposes we are interested in the decay following from an initial state
We write rate equations for the system aṡ
which we will solve subject to initial conditions corresponding to the moment just following a fast pulse from a laser. We present the solution in some detail to illuminate an important behavior of the system. The rate equations can be written as˙ N = AÑ, where
We assume N = ae rt are solutions of the system and find r and a as eigenvalues and eigenvectors of |A − I r| = 0. We thus have two decay constants, given by
Approximating the square root, we obtain the emergent rate constants,
The last term can be small so the fast rate constant r 1 is less sensitive to changes in k risc compared to the slow rate constant r 2 which increases directly with an increase in k risc . Eigenvectors can be found as
or alternatively,
General solutions, using either set of eigenvectors, are
where C 1 and C 2 are chosen to satisfy initial conditions. The two emergent rate constants are thus shared by the singlet and the triplet.
Following excitation with a fast laser pulse at or above the singlet absorption, we expect an initial configuration N 1 (0) = 1, N 3 (0) = 0. Choosing the first option for our eigenvectors and applying the initial condition on the triplet we obtain
Substituting this into (15), we obtain
During the time t < 1/r 1 , the triplet population ramps up while the singlet decays, both at r 1 , and then at some time t >> 1/r 1 both the singlet and triplet decay slowly at the shared rate r 2 .
The delayed luminescence therefore has a constant ratio of fluorescence and phosphorescence,
(apart from a factor of φ 1 χ 1 /φ 3 χ 3 ).
With a minor simplification, the prompt luminescence (L 1 +L 3 ) at sufficiently small t (compared to 1/r 1 ) can be written as,
and at sufficiently large t, the delayed luminescence can be written as,
Thus the rate constants r 1 and r 2 are readily available by simply supplying a short laser pulse to excite the system into the singlet, and then measuring the decay lifetimes within a suitably prompt time interval and after some suitably delayed time interval.
It might be noted on examining equation (11) and equation (12) , that
Measuring r 1 and r 2 at several temperatures and then fitting the quantity r 1 + r 2 , to f (T ) = a + Φ exp[−dE/kT ], immediately yields the gap energy ∆E S−T and the prefactor Φ for k risc in equation (6) . In a similar manner, all of the primary constants (k 1 , k 3 , k isc and k risc , or φ and ∆E S−T ), can be obtained from simple curve fitting and combinations involving only the temperature dependent rate constants, as will be shown in the Section III.
An alternative method for obtaining k risc and ∆E S−T is based on delayed and prompt measurements of luminescent yields. [2, 3] Expanding the temperature dependence in equation (21), the general form for a delayed or prompt luminous yield is
where the measurement is made in a small window centered on a time t gate , and provided that t gate is well within either the prompt or delayed range as described above. Note the second exponential in which appears both t gate , and the exponential temperature dependence. In other words, the expected relationship between yield and temperature seen in the first term is modified by the combined temperature and time dependence seen in the second exponential term. This presents additional complications for measurement and for data reduction and fitting, compared to the rate-constant-only method described above.
In FIG. 4 the system of differential equations (7), (8) 
III. ANALYSIS OF TADF DATA
Delayed fluorescence transients, as we have shown, are characterized by a fast (prompt) rate constant r 1 and a slow (delayed) rate constant r 2 . Here we describe a method for obtaining k 3 , k 1 , k isc , k risc and ∆E S−T from r 1 and r 2 measured at several temperatures, and a second method by which ∆E S−T and the prefactor Φ are obtained from r 1 + r 2 . We then apply the methods to data published for two TADF materials and calculate the fluorescence/phosphorescence and singlet/triplet ratios using equation (5) 
and equation (19).
We can write equation (12) for r 2 , as
provided that k ∆ is nearly constant, or equivalently that k 1 + k isc − k 3 >> k risc which will generally be true since k 1 >> k 3 . Fitting delayed decay rate data measured at several temperatures (c.f.
FIG. 5(a) and 5(b))
, then gives us k 3 and ∆E S−T along with the quantity φ 3 .
Similarly, we can write equation (11) for r 1 , as
Fitting prompt decay rate data measured at several temperatures (c.f. FIG. 5(c) and 5(d)), gives us the quantity k 1 + k isc and again ∆E S−T , along with the quantity φ 1 .
Summing equations (11) and (12) we have
and we can now obtain k risc by either of two methods. The first is that we simply add r 1 and r 2 measured at some temperature T , and subtract the already obtained quantities k 1 + k isc and k 3 .
Alternatively, we can write equation (26) as
and then fit the temperature dependent quantity r 1 + r 2 to obtain k risc explicitly in terms of its prefactor and gap energy (c.f . FIG. 6 ).
Then finally, we obtain k isc , and k 1 , from φ 1 and φ 3 ,
Fluorescent and singlet ratios can then be calculated from equations (5) and (19).
Prompt and delayed rate constants as a function of temperature are provided in Uoyama, et. al. (2012) , [4] and , [3] , in supplemental materials.
Applying the above procedure to analyze the reported data, we obtain the values listed in Table I . 60 meV, k risc as 1.3×10 5 compared to our 1.0×10 6 , and for k isc they use 1.3×10 5 compared to our 1.0×10 6 . Thus the values obtain in our analysis are similar to the previously reported values.
The earlier values were obtained by first calculating reverse crossing rates at each of a set of temperatures using the equation [3] ,
where k d and k p are the delayed and prompt decay rates, φ d and φ p are the delayed and prompt yields, and k isc is the supplied forward crossing rate. ∆E S−T is then found as the slope in a log- and the ∆E S−T value agrees more closely with ours. Thus, in these two examples differences in ∆E S−T seem to follow the k risc calculation in the earlier method, rather than the scatter in decay rates.
IV. CONCLUSIONS
In this work we have obtained closed solutions for steady state and transient behaviors in TADF systems and described a procedure for extracting the primary relaxation and crossing rates, and the prefactor and gap energy from temperature dependent prompt and delayed decay rates. We applied our method to data reported for two TADF materials and used the fitted values for the primary rate constants to calculate their fluorescence/phosphorescence and singlet/triplet population ratios.
The primary rate constants obtained in this manner are in reasonable agreement with reported values where available, and we are able to report the fluorescence/phosphorescence ratios 37:1 for 4CzIPN and 47:1 for m-MTDATA:t-Bu-PBD, along with their singlet/triplet population ratios 0.13 and 0.53. It is hoped that the method will be useful in studies of TADF and OLEDS.
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